A procedure is presented for the purification of specific mRNAs, which exploits the ability of antibodies prepared against a native protein to bind to the nascent polypeptide on the polysome. Rather than precipitating these soluble antibody-polysome complexes with anti-antibody, which can lead to nonspecific trapping of polysomes, we have linked the anti-antibody to an insoluble matrix. Thus, the antibody-polysome complex binds to the anti-antibody support and nonspecific polysomes can easily be removed by several washes.
INTRODUCTION
It has recently been demonstrated in several systems that changes in the synthesis of specific proteins are mediated by parallel changes in the, concentration of the functional mRNAs coding for those proteins (e.g. [1] [2] [3] [4] [5] [6] [7] . From these observations, it was inferred that the accumulation of specific mRNAs in polysomes is a rate limiting step in the regulation of the synthesis of specific proteins. The changes in the functional level of a specific mRNA could be the result of gene amplification, increased transcription, modulation of nuclear or cytoplasmic processing, transport, and stability of the mRNA. To distinguish between these mechanisms, the isolation of specific mRNA is required. The purified mRNA may serve as template to synthesize a complementary DNA or RNA which can be used to identify and quantitate as well as to isolate specific messenger sequences. The immunological isolation of polysomes seems to represent a specific method for the purification of mRNA (8) . This method exploits the ability of antibodies raised against the native protein to bind to the nascent polypeptide chain on the polysome. The antibody-polysome complex, which does not precipitate, can be isolated either by binding to a cross-linked Nucleic Acids Research antigen matrix (9, 10) or, more effectively, by indirect immunoprecipitation with the aid of an anti-antibody (11, 12, 13) . This procedure has now been successfully employed for the isolation of the mRNAs coding for myeloma light chain (11, 12) , ovalbumin (13, 14) , vitellogenin (15, 16, 17) , and H5 histone. (10) .
These mRNAs are abundant and code for proteins which represent at least 10% of total protein synthesized in the cells from which they originate. For purification of mRNAs coding for enzymes, constituting a much smaller percentage of protein synthesis, low levels of nonspecific precipitation of polysomes as a result of physical trapping within the precipitate become significant. Therefore, we tested the possibility of reducing this nonspecific contamination by covalently linking the anti-antibody to an insoluble matrix, thus replacing the immunoprecipitation reaction by a binding reaction. This, in principle, should allow much more effective removal of contaminating polysomes.
We have tested several insoluble polymers for their capacity to bind large quantitites of anti-antibody, and for minimal nonspecific absorption of polysomes orRNA. Mercerizedpara-aminobenzyl cellulose (PAB cellulose), to which the antibody can be coupled by a diazotization reaction, was found to be most suitable for this purpose. The isolation of the ovalbumin mnRNA which had previously been purified by various methods (14, 18, 19, 20) has served as a model systemto develop this procedure. We believe this method wiLl allow the isolation of mRNAs which represent only a minor portion of cellular mRNAs.
MATERIALS AND METHODS Isolation of polysomes
The mucosal lining of the magnum portion of the oviducts of laying hens was removed, frozen in liquid nitrogen, and stored at -70 0 C. (21) . Purification of rabbit anti-ovalbumin and sheep anti-rabbit immunoglobulin Ovalbumin, obtained from Sigma, was further purified by carboxymethylcellulose chromatography according to Rhodes, et al. (22) . Nonimmune rabbit immunoglobulin was purified by ammonium sulfate precipitation, Sephadex G-150 chromatography, and DEAE-cellulose chromatography (23) . Rabbits and sheep were immunized with the purified antigens in Freunds Complete Adjuvant. The antisera were fractionated with ammonium sulfate to 40% saturation (23) . The precipitates were dissolved, dialyzed against 10mM sodium phosphate, pH 7.0, 0.14 M NaCl (PBS) and passed at room temperature through Sepharose to which ovalbumin or rabbit immunoglobulin had been coupled via CnBr-activation. The Sepharose was washed with PBS until the A280/ml was less than 0. 03. The adsorbed antibody was then eluted with 0. 5 M acetic acid. Fractions containing more than 2. 0 A280 /ml were pooled, and after addition of one tenth volume of 2. 5 M NH4 OH, dialyzed against 3 x 2 liters of PBS. The nonbound material was passed through the column once more and bound antibodies were eluted as before.
Four to six mg of specific antibody were obtained per ml of antiserum. The antibodies were more than 95% precipitable with antigen and free of nuclease (See Results). Polysomes, stored at -79 C, were thawed and centrifuged for 10 minutes at 10, 000 rpm in a Sorvall HB-4 rotor to remove aggregated material. The polysomes (2. 0 -8. 0 A260 /ml) were incubated with anti-ovalbumin, in the amounts indicated in the figure legends, fQr 30 minutes at 0 0C. Cellulose-bound anti-antibody was then added as indicated in the figure legends and the solution was adjusted to 5 mM MgCl2, 0. 28 M NaCl and 100 4g/ml heparin. After incubation for 30 minutes at 0 0 C with occasional stirring, the mixture was centrifuged 5 minutes at 4,000 rpm and the A260 of the supernatant was determined. The pelleted cellulose was washed with 10 mM Hepes, pH 7. 5, 5 mM MgCl 2 0. 28 M NaCl, 100 jig/ml heparin, once with 1% Triton-1% DOC in the same buffer, and twice with buffer containing no detergent. Bound polysomes were then dissociated with 10 mM Hepes, pH 7. 5, 20 mM EDTA. The cellulose was removed by centrifugation and the amount of polysomes that had been bound was determined by measuring the A260 of the supernatant.
The mRNA was phenol extracted as described (24) . The anti-antibody cellulose matrix was washed with 0. 5 M acetic acid to remove the anti-ovalbumin, and regenerated by several washes with 0. Bishop and Rosbash (25) . The amount of poly (A) was quantitated using poly (A) standards. Oligo(dT )-cellulose chromatography The extracted RNA was passed over oligo(dT)-cellulose at a concentration of 10 A 260 /ml in 10 mM Hepes, pH 7.5, 0.1 M NaCl. After washing with the same buffer, the RNA was eluted with 10 mM Hepes, pH 7. 5, and precipitated with ethanol. In vitro protein synthesis
The wheat germ cell-free system was used as described (7) .
Materials.
Para-aminobenzyl-cellulose was obtained from Serva and Gallard-Schlesinger, CnBr-activated Sepharose from Pharmacia, and [ 3H]-poly (U) from New England Nuclear.
RESULTS

Rationale
The isolation of specific polysomes proceeds in three steps ( Fig. 1 ): Polysomes are incubatedwith antibody raised against the native protein whose mRNA is to be isolated. The resulting antibody-polysome complex remains soluble since, presumably for steric reasons, the antibody cannot crosslink the polysomes. The antibody-polysome complex isthenbound to anti-antibody covalently linked to PAB cellulose. The unbound polysomes are removed by centrifugation and thorough washing of the cellulose matrix. The matrixbound polysomes are then dissociated using EDTA and separated from the cellulose by centrifugation. The anti-antibody support can be regenerated by several washes at low pH.
Purification of Antibodies and Preparation of Matrix-bound Anti-antibodies
We have used affinity chromatography to prepare purified nucleasefree antibody. Antisera raised against purified chicken ovalbumin and rabbit immunoglobulins were chromatographed on antigen-Sepharose columns. It could be shown that more than 95% of the purified rabbit anti-ovalbumin and the sheep anti-rabbit IgG is precipitated by the antigen, indicating that the purified material consists of active monospecific antibodies (Fig. 2) These matrices, however, were of limited usefulness since only antibody molecules on the surface of the particles are able to react with the polysomes (Sephadex, Sepharose), or they displayed high levels of nonspecific adsorption of polysomes (polyacrylamide, polystyrene). Of the various supports tested, mercerized paraaminobenzyl-cellulose (PAB cellulose) seemed to be the most suitable since it has a high capacity for binding anti-antibody, and it displayed no detectable nonspecific affinity for polysomes. By a simple diazotization reaction (Fig. 3) , high amounts of anti-antibody can be coupled to PAB-cellulose. Optimal coupling of anti-antibody to PAB-cellulose (150 mg of protein per g solid support) is achieved using 0. 2 M NaNO2 in the diazotization reaction. Unreacted diazonium groups are then blocked with imidazole. The phenylazo group seems to be a long enough "spacer armx " to make the anti-antibody accessible for interaction with the antibody-polysome complex. Cellulose-bound Anti-antibody (ji'g) Figure 4 Binding of polysome- (Fig. 4) . Only polysomes incubated with antiovalbumin are bound to the immunoadsorbent, since no loss of A 260 occurs from the supernatantwhen non-immune IgG is substituted for anti-ovalbumin. The polysomes which were removed from the supernatant can be released from the cellulose usingEDTA. The binding of ovalbumin-synthesizing polysomes to the cellulose is dependent on the concentration of anti-ovalbumin (Fig. 5) . At 20 ,ug anti-ovalbumin/A260 of polysomes, approximately 50% of the polysomes canbebound to the matrix carrying the anti-antibody. This value is expected for maximal binding since it has previously been shown that about half of the polysomes of the laying hen oviduct are engaged in ovalbumin synthesis (26, 27) . Figure 6 provides evidence that the polysomes selectively bound to the support are of the size expected for ovalbumin-synthesizing polysomes. (8, unpublished) .
Incubation of polysomes with non-immune rabbit IgG does not disturb the polysomeprofile, againdemonstratingthe absence on nuclease activity in our antibody preparations (Fig. 6) .
Specificity of the Immunological Isolation of Polysomes
In principle, the specificity of the immunological isolation of polysomes canbe assessed in two ways: assaying for the presence of messenger sequences other than the desired sequence in the purified mRNA fraction, and determining whether the isolated mRNA is biologically pure. To determinewhether polysomes nonspecifically adsorb tothematrix, two types of experiments have been performed: As seen in Figure 5 , no polysomes are removed from the supernatant if non-immune rabbit IgG is substituted for anti-ovalbumin. Because these measurements are not sufficiently-sensitive to detect trace levels of nonspecific adsorption, we have deter - with non-immune rabbit IgG, followed by incubation with cellulose-bound antiantibody. The poly(A) was quantitated by hybridization with [ 3H]-poly(U) (25) .
The amount of poly (A) which can be removed from the support with EDTA is an indication of the level of nonspecific adsorption of polysomes. 42% of the poly(A) in polysomes is bound to the cellulose if oviduct polysomes are incubated with anti-ovalbumin followed by cellulose-bound anti-antibody. 0. 5% and 1. 3% of the poly(A) in polysomes is bound to the support if oviduct polysomes were incubated with no antibody or with non-immune rabbit IgG, respectively, before addition of the matrix-bound antibody. A second approach is to determine whether heterologous polysomes with distinct mRNA sequences are nonspecifically adsorbed to the matrix. For this purpose, duck reticulocyte polysomes were added to oviduct polysomes and ovalbumin mRNA was purified as described above. By deter-mining the level of globin mRNA sequence s in the purified "ovalbumin mRNA", it is possible to determine the extent to which non-ovalbumin polysomes are copurified with ovalbumin-synthesizing polysomes. By hybridization with globin cDNA, it was found that all the globin mRNA is present in RNA not bound to the PAB cellulose, and that no globin sequences could be detected in the purified ovalbumin mRNA (Fig. 7) 
A2 units).
[ H] duck globin cDNA, prepared as described (27) was annea6Ied at 69 ,in 100%l reaction mixtures containing 0. 4M NaCl and overlaid with paraffin oil (27) , to the purified ovalbumin mRNA (-A-), to RNA extracted from polysomes unbound to the anti-antibody support (-o-), and to a globin mRNA standa ( (-0-). The Rot 1/2 for hybridization to the globin standard was 2 x i( , and the half-time for hybridization to 10 ,Lg of the unbound (non-ovalbumin) RNA occurred at33 hours. Therefore: iLg glob'n mRNA/100 ,ul x 0.11 x 3 = 2 x 10 , indicating that there afe 6 x 10 ,ug globin mRNA contained in this 10 ,ug of RNA, or 6 x 10 -g globin mRNA/ ,ug unbound RNA. The expected value, assuming 1% of the globin polysomal RNA4 is mRNA, and that 50% of the oviduct polysome s are ovalbumin, is 8 x 10-(15/170 x 0. 01). No hybridization to the purified ovalbumin mRNA occurs e,ver at least 2 more orders of magnitude, so there is less than 6 x 10 ,ug globin mRNA/,ug ovalbumin mRNA, and therefore less than 0. 01 ,ug non-ovalbumin RNA/ ug ovalbumin mRNA.
We also determined the biological purity of the final mRNA preparation by translation in the wheat-germ cell-free protein synthesizing system. Figure 8 shows the products of in vitro protein synthesis directed by total oviduct mnRNA and pur,fied ovalbumin mRNA. The ovalbumin mRNA gives rise to a single polypeptide chain migrating slightly faster than native ovalbumin, a property of the cell-free ovalbumin product previously observed (21, 28, 29) .
By immunoprecipitation with monospecific anti-ovalbumin, it has been firmly established that this polypeptide chain is identical to ovalbumin.
DISCUSSION
We developed this technique in order to purify mRNA species which represent a low percentage of the total mRNA population. Immunological isolation of polysomes offers the necessary specificity to achieve this goal (8) . This technique is based on the recognition of nascent polypeptide chains by antibodies prepared against the protein whose mnRNA is to be purified. This principle has beenSused to precipitate specific polysomes with the aid of an anti-antibody directed against the polysome -bound antibody (12, 13 First, ovalbumin mRNA purified by our technique was used to direct protein synthesis in a wheat germ cell-free system. Only a single polypeptide comigrating with ovalbumin and precipitable by anti-ovalbumin was detected.
Second, we omitted anti-ovalbumin or substituted non-immune rabbit IgG prior to the addition of the cellulose-bound anti-antibody. After processing the cellulose in an identical manner used to release ovalbumin synthesizing polysomes, the mRNA non-specifically adsorbed to the support was quantitated by [3 H ]-poly (U) hybridization to poly (A) segments. This experiment indicated that not more than 1% of the poly (A) of polysomes had been bound to and dissociated from the solid support.
Third, ovalbumin mRNA purified from a mixtur e of oviduct poly some s and duck reticulocyte polysomes showed no detectable contamination with duxck globin mRNA. This indicates that no globin polysomes were copurified with ovalbumin polysomes, at a level of sensitivity where 0.1% contamination could have been detected.
The two latter experiments provide evidence that the non-specific adsorption of polysomes to the cellulose matrix is approximately 1% or less. Nonspecific binding of polysomes may, however, occur via the specifically bound polysomes if the ovalbumin polysomes and other polysomes form smal: aggregates. Also, free ovalbumin nonspecifically adsorbed to non-ovalbumir polysomes could result in the co-purification of these polysomes. These types of contamination are dependent on the formation of a matrix-antibody polysome complex, which is not present when non-immune rabbit IgG is used. This type of contamination cannot be ruled out by the present experiments.
In the course of these studies, another advantage of the procedure has become apparent: the polysomes specificallybound to the support can readily be dissociated from the cellulose in intact form using sulfhydryl reagents (unpublished results). These polysomes can then be put through a second cycle of isolation to enhance the purity of the final mRNA. This we believe will permit the isolation of mRNAs which represent only a very minor portion of total cellular mRNAs.
